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Summary
Background: Lamellipodial protrusion, which is the first
step in cell movement, is driven by actin assembly and
requires activity of the Arp2/3 actin-nucleating com-
plex. However, it is unclear how actin assembly is dy-
namically regulated to support effective cell migration.
Results: Cells deficient in cortactin have impaired cell
migration and invasion. Kymography analyses of live-
cell imaging studies demonstrate that cortactin-knock-
down cells have a selective defect in the persistence
of lamellipodial protrusions. The motility and protrusion
defects are fully rescued by cortactin molecules, pro-
vided both the Arp2/3 complex and F-actin binding
sites are intact. Consistent with this requirement for
simultaneous contacts with Arp2/3 and F-actin, cortac-
tin is recruited by Arp2/3 complex to lamellipodia and
binds with a higher affinity to ATP/ADP-Pi-F-actin than
to ADP-F-actin. In situ labeling of lamellipodia revealed
that the relative levels of free barbed ends of actin fila-
ments are reduced by over 30% in the cortactin-knock-
down cells; however, there is no change in Arp2/3-com-
plex localization to lamellipodia. Cortactin-knockdown
cells also have a selective defect in the assembly of
new adhesions in protrusions, as assessed by analysis
of GFP-paxillin dynamics in living cells.
Conclusions: Cortactin enhances lamellipodial persis-
tence, at least in part through regulation of Arp2/3 com-
plex. The presence of cortactin also enhances the rate
of new adhesion formation in lamellipodia. In vivo,
these functions may be important during directed cell
motility.
Introduction
Lamellipodial protrusions determine the direction of cell
movement and result from polymerization of branched-
actin filaments against the plasma membrane [1]. To
form this branched-actin network, which produces pro-
trusive force, activated Arp2/3 complex binds to the
side of an actin filament and nucleates daughter fila-
ments [1–3]. Activation of Arp2/3 complex occurs in re-
sponse to various signals, including growth factors, src*Correspondence: alissa.weaver@vanderbilt.edu
4 Present Address: Department of Biology, Vanderbilt University,
Nashville, Tennessee 37232.family kinases, and rho GTPases, and is mediated by
direct binding of nucleation-promoting factors (NPFs)
[1]. Members of the Wiskott Aldrich Syndrome protein
(WASp) family are the best-characterized NPFs [4]. A
less-well-understood activator of Arp2/3 complex is
cortactin, known to bind and activate Arp2/3 complex
in purified-protein systems [5–7]. Cortactin activates
Arp2/3 complex likely via a distinct mechanism involv-
ing interactions with actin filaments [6, 7], whereas
WASps interact with G-actin [4]. Efficiency of cortactin
activation is low but approaches that of WASps if its
binding partner, WASp-interacting protein (WIP), is pre-
sent [8]. Cortactin also enhances N-WASp activation of
Arp2/3 complex in pyrene-actin-polymerization assays
[6, 7] and inhibits debranching of in vitro Arp2/3-nucle-
ated branched-actin networks [6], possibly by stabili-
zation.
These in vitro results form a strong rationale for
studying cortactin in vivo. An in vivo role for cortactin
in regulating actin branching is further substantiated by
its cellular localization to dynamic-actin assembly sites,
such as lamellipodia, endosomes, podosomes and in-
vadopodia [9]. Notably, unlike WASp proteins that local-
ize primarily on membranes, cortactin is more directly
localized to cytosolic dynamic actin [4, 9, 10]. Cortactin
binds Arp2/3 complex via an N-terminal acidic domain,
homologous to that of WASp proteins, and it binds to
actin filaments (F-actin) via a tandem-repeats domain
[5]. Cortactin also binds to polyproline-stretch-contain-
ing proteins, such as WIP, N-WASp, and dynamin, via a
C-terminal src homology 3 (SH3) domain [9]. Src phos-
phorylation sites are located in a C-terminal proline-rich
stretch adjacent to the SH3 domain [9].
In this study, we examined the role of cortactin in
living cells by using a siRNA/mutant-rescue approach.
We find that cortactin promotes cell motility and persis-
tence of lamellipodial protrusion. These functions re-
quire simultaneous interaction of cortactin with both
the Arp2/3 complex and actin filaments, but not src- or
SH3-domain binding partners. Cortactin is recruited to
the leading edge of lamellipodia by the Arp2/3 complex
and binds preferentially to ATP/ADP-Pi- over ADP-actin
filaments. Decreased labeling of uncapped (polymer-
izable) barbed ends in lamellipodia of cortactin knock-
down cells, with unchanged Arp2/3-complex levels,
suggests that interactions between cortactin, Arp2/3
complex, and actin filaments lead to enhanced Arp2/3
activity. Finally, cortactin knockdown cells have a selec-
tive defect in the rate of formation of new adhesions in
lamellipodial protrusions.
Results
Cortactin Knockdown Cells Have Defective Cell
Motility and Invasion
A retroviral siRNA expression system, pRetroSuper (pRS)
[11], was used to knock cortactin down in HT1080 human
fibrosarcoma cells. The siRNA sequence contained a 3
bp mismatch to the mouse gene to facilitate rescue
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1277Figure 1. Loss of Cortactin Results in Defective Cellular Migration
and Invasion
(A) A 19 bp sequence of human cortactin targeted by siRNA. Mis-
matches to mouse cortactin are marked by asterisks.
(B) Western blot of cortactin expression levels in control (pRS),
knockdown (pRS-KD), overexpression vector only (LZRS), cortac-
tin-overexpressing cells (LZRS-CortFL), knockdown cells rescued
with vector only (pRS-KD/LZRS) or with full-length mouse cortactin
(pRS-KD/LZRS-CortFL), or cells expressing a scrambled cortactin
siRNA oligo (scrambled oligo).
(C) Relative migration through transwell membranes.
(D) Relative invasion though matrigel-coated transwell membranes.
(E) Velocity of cell lines undergoing random motility. Error bars rep-
resent standard error of the mean (SEM) from three experiments
performed in duplicate (transwell studies) or from n = 50 cells (ran-
dom motility). * indicates p < 0.01, compared to pRS and scrambled
oligo control cells.with mouse constructs (Figure 1A). Cortactin protein
expression was reduced by more than 95% in stable
polyclonal cell populations (Figure 1B). The LZRS ret-
roviral-expression system [12] was used to overexpress
or re-express mouse cortactin in the human cortactin
knockdown (pRS-KD) cells (Figure 1B).
Cells lacking cortactin (pRS-KD) show motility defects
in three different assays: transwell migration (Figure
1C), transwell invasion (Figure 1D), and random motility
(Figure 1E). These defects were rescued by re-expres-
sion of mouse wild-type cortactin in the knockdown
cells (Figures 1B–1E). In 18 hr transwell-migration as-
says, 40% of the pRS-KD cells migrated across the fil-
ters when compared with control cells. A 2-fold in-
crease in migration was seen in cells overexpressing
mouse cortactin (LZRS-CortFL). When the transwell fil-
ters were coated with a layer of Matrigel, the results
were similar, except that the cortactin-overexpressing
cells exhibited an even larger increase (3-fold versus2-fold) in invasion when compared to control cells (Fig-
ure 1D). Cell-motility speed was measured by live-cell
imaging of single cells migrating on tissue-culture plas-
tic dishes. Overall cell speed was significantly affected
by cortactin knockdown and overexpression (33% de-
crease and 36% increase compared with control pRS
cells, respectively) (Figure 1E, see Supplemental Mov-
ies in the Supplemental Data available with this article
online). There was no difference in directional persis-
tence of cell migration (Figure S1). The knockdown
phenotypes were rescued to 100% that of control cells
for the transwell-migration and single-cell velocity as-
says and to 80% that of controls for transwell invasion
by re-expression of full-length mouse cortactin (Figures
1C–1E).
Cortactin Selectively Affects
Lamellipodial Persistence
To analyze the role of cortactin in lamellipodial protru-
sion, we analyzed time-lapse movies of control and
pRS-KD cells by kymography. A kymograph represents
a timeline of protrusion and allows quantitation of at
least four parameters: lamellipodial persistence, protru-
sion velocity, retraction velocity, and protrusion dis-
tance (Figure 2A) [13, 14]. pRS-KD cells exhibited a
2-fold decrease in lamellipodial persistence (the amount
of time that a lamellipodia spends protruding before re-
traction) when compared with vector-only and scram-
bled-oligo control cells (Figure 2C). There was no differ-
ence in other protrusion parameters (Figures 2D–2F).
Thus, pRS-KD cells have a selective defect in lamelli-
podial persistence, a property that previously has been
correlated with overall cell speeds [14, 15]. For compar-
ison, movies from WAVE-2 and N-WASp knockdown
cells were also analyzed by kymography. Whereas
N-WASp knockdown cells had no defect in any lamel-
lipodial protrusion parameters, WAVE-2 knockdown
cells were unable to initiate protrusion (Figure S2).
These data are consistent with WAVE-2 serving as the
initial, essential activator of Arp2/3 complex at the
plasma membrane [16–18] and cortactin functioning at
either a subsequent stage of lamellipodial protrusion or
as an enhancer of WAVE-2 function.
The Arp2/3 and Actin Binding Sites of Cortactin
Are Necessary to Rescue Both Motility
and Persistence Phenotypes
To determine the minimal binding interactions that
could rescue phenotype defects, we re-expressed
mouse cortactin fragments and mutant cortactins in the
knockdown cells (Figures 3A and 3B). Expression of the
N terminus of cortactin (amino acids 1–269) fully res-
cues the transwell-migration, random-motility, and la-
mellipodial-protrusion phenotypes of cortactin knock-
down cells (Figures 3C, 3D, and 3F). This fragment
includes the Arp2/3 and F-actin binding domains but
not the src-kinase phosphorylation sites or the SH3 do-
main (Figure 3A) [5]. Re-expression of full-length mouse
cortactin constructs with mutations in either the F-actin
(4RP) or Arp2/3-complex binding sites (W22A) [5, 7,
19] did not rescue defects in cellular migration or lamel-
lipodial persistence, despite expression levels that
were higher than wild-type cortactin or the N-terminal
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Figure 2. Lamellipodial Persistence Is Decreased in Cortactin (
Knockdown Cells F
Representative kymographs from both control (A) and cortactin b
knockdown cells (B). Note the definitions in (A) of lamellipodial per- l
sistence (x), protrusion distance (y2), and protrusion velocity d
(y1/x1). Scale bars indicate distance and time axes for kymo- y
graphs. The following are shown: quantification of lamellipodial (C) a
persistence; (D) protrusion distance; (E) protrusion velocity; and (F) (
retraction velocity. Error bars represent SEM. * indicates p < 0.01, t
compared to pRS and scrambled oligo control cells, and n = 50 (
cells. p
(
tigure 3. Cell Motility and Lamellipodial Protrusion Depend on
nteractions of Cortactin with Both Arp2/3 and F-actin
A) The following cortactin-rescue constructs are shown: LZRS-Cort-
L (wild-type); LZRS-Cort-NTerm (N-terminus); LZRS-Cort4RP (actin
inding mutant); LZRS-CortW22A (Arp2/3 binding mutant). The fol-
owing abbreviations and symbols are used: NTA, N-terminal acidic
omain; ovals, cortactin repeat domains; YYY, three src phosphor-
lation sites; and SH3, src homology 3 domain. These mutations
re described in [5, 19].
B) Western blot showing expression of rescue constructs in cor-
actin knockdown cells.
C) Relative migration through transwell membranes. n = 3 with du-
licate wells.
D) Velocity of cell lines undergoing random motility on tissue-cul-
ure dishes; n R 50 cells.
(E) Relative invasion of cortactin cell lines through matrigel-coated
transwell membranes. n = 3 with duplicate wells.
(F) Lamellipodial persistence is shown, and n R 50 cells.
For all experiments (C–F), error bars represent SEM and * indicates
p < 0.01, when compared to pRS and scrambled oligo cells. For
invasion studies (E), * indicates p < 0.01, when also compared to
pRS-KD/LZRS-Cort-FL, in addition to pRS and scrambled oligo
cells. ** indicates p < 0.05, when compared to pRS and scrambled
oligo cells.fragment (Figures 3A and 3B). Thus, cortactin must
bind both F-actin and Arp2/3 complex to promote per-
sistent lamellipodial protrusion and productive cell mo-
tility. In the invasion assay, which requires degradation
of extracellular matrix in addition to cell motility, the
results were more complex with no rescue by cortactin
deficient in F-actin binding and partial rescue by the
N-terminal fragment and by cortactin deficient in Arp2/
3 binding (Figure 3E).
Cortactin Is Recruited to the Leading Edge Primarily s
tby Interactions with the Arp2/3 Complex
Localization of endogenous cortactin and of mouse a
tcortactin proteins re-expressed in the pRS-KD cells
was examined by immunofluorescence (Figure 4). We w
4quantitated enhancement of cortactin proteins at the
leading edge in various cell lines by analyzing line t
tscans drawn across the width of lamellipodial protru-ions (Figure 4K). The average pixel intensities at a dis-
ance 0 and 4 m from the edge were compared to give
leading-edge ratio (Table S1). Cortactin localization to
he leading edge was similar in pRS-KD cells rescued
ith full-length mouse cortactin (pRS-KD/FL) (Figure
E) and control cells (pRS) (Figure 4A). In contrast, cor-
actin that cannot bind Arp2/3 (W22A) does not localize
o the leading edge of the cell (Figure 4G, Table S1).
Cortactin Enhances Lamellipodial Persistence
1279Figure 4. Cortactin Is Recruited to Lamellipodia by Arp2/3 Complex
Cortactin localization in HT1080 cells was assessed by immunoflu-
orescence (A, C, E, G, and I). Alexa-fluor-phalloidin staining shows
actin filaments (B, D, F, H, and J). Cell lines are as follows: pRS
(A, B), pRS-KD (C, D), pRS-KD/LZRS-CortFL (E, F), pRS-KD/LZRS-
W22A (G, H), and pRS-KD/LZRS-4RP (I, J); the scale bar repre-
sents 10 m. (K) Fluorescent-intensity measurements from lineactin may result in stabilization of preexisting branch
scans across the width of lamellipodia (representative line in panel
[E]) are shown. Points represent the mean ± SEM from n = 50 cells.
* indicates p < 0.01 when compared to pRS.Surprisingly, cortactin that cannot bind actin filaments
(4RP) (Figure 4I) localizes to the leading edge, with
only a small reduction compared with that of endoge-
nous and re-expressed wild-type cortactin (pRS-KD/
FL) (Figure 4K, Table S1). These data indicate that local-
ization of cortactin to HT1080 lamellipodia depends on
interactions with Arp2/3 complex. Cortactin binding to
F-actin is also important for function because, despite
localization to the leading edge (Figure 4), expression
of the 4RP actin binding mutant was unable to rescue
any pRS-KD phenotypes, including invasion (Figure 3).
Cortactin Binds Preferentially
to Dynamic-Actin Filaments
Newly polymerized actin filaments are formed from
ATP-actin monomers. ATP-F-actin is hydrolyzed to
ADP-Pi-F-actin at a rate of 0.3 sec−1 [20] followed by
release of the inorganic phosphate (Pi) at a rate of 0.002
sec−1 to form ADP-F-actin [21]. As a result of this large
rate differential, dynamic-actin filaments are composed
mainly of both ATP- (from ongoing polymerization) and
ADP-Pi-actin (from slow release of the hydrolyzed
phosphate), and older actin filaments are composed
mainly of ADP-F-actin [1]. The nucleotide state of actin
affects the kinetics of actin assembly [1, 22], as well as
interactions with certain actin-associated proteins such
as cofilin [1, 23]. We tested whether cortactin preferen-
tially binds dynamic actin by performing binding experi-
ments in which purified N-terminal cortactin fragment
(100 nM) was incubated with various concentrations of
ATP- or ADP-actin filaments. This cortactin fragment is
sufficient for proper localization in Rac1-induced lamel-
lipodia [5], can rescue the protrusion and motility phe-
notypes of pRS-KD cells (Figure 3), and contains the
only actin binding site [5]. After the ultracentrifugal sed-
imentation of actin filaments, bound N-terminal cortac-
tin was calculated from the amount depleted from the
supernatants (Figure 5B). The results indicate that
N-terminal cortactin has a 15-fold higher affinity for fila-
ments prepared from ATP-actin than for those prepared
from ADP-actin (Kd = 0.248 M versus 3.87 M, Figure
5A). The Kd for ATP-actin is similar to previous deter-
minations (0.230–0.430 M) [7, 24]. Because the F-actin
prepared from ATP-actin monomer likely contains a
mixture of both ATP- and ADP-Pi-F-actin, further exper-
iments were performed with actin polymerized in the
presence of beryllium fluoride to mimic ADP-Pi-F-actin
and full-length cortactin (70 nM). Cortactin binds to
ADP-BeF3-F-actin with a slightly higher affinity than
that of ATP-actin (Kd = 0.107 M versus Kd = 0.273 M,
Figure 5C). These data are consistent with preferential
binding of cortactin to dynamic-actin filaments, with
the highest apparent affinity for ADP-Pi filaments.
Cortactin Enhances In Vivo Production of Uncapped
Barbed Ends of Actin Filaments
Interactions between Arp2/3, cortactin, and dynamic
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(A) Specific equilibrium binding of N-terminal (N-term) cortactin to
actin filaments. The data are plotted as the mean ± SEM (n = 7).
(B) Representative Western blot (upper) showing depletion of
N-terminal cortactin from supernatants of a cosedimentation ex-
periment. The corresponding Coomassie-stained gel of actin pel-
lets from the cosedimentation experiment is shown below. Concen-
trations of ADP- and ATP/ADP-Pi-actin filaments for each lane are
indicated between the blot and gel.
(C) Specific equilibrium binding of cortactin to actin filaments, as
indicated. The data are plotted as the mean ± SEM (n = 3).
F
B(points or increased efficiency of branch formation via
t
enhanced Arp2/3 activity [6, 7]. To test an effect on n
Arp2/3 activity, we examined the incorporation of p
(Alexa-488-actin at the leading edge of saponin-per-
imeabilized cells (Figures 6A–6D). This assay detects
Athe presence of uncapped barbed ends of actin fila-
pments in cells [25, 26]; these barbed ends are a major
s
product of Arp2/3-complex nucleation activity [1]. Cells r
were serum starved for 30 min, and media+serum was
then replenished for 1 min to synchronize protrusionigure 6. Cortactin Enhances In Vivo Production of Uncapped
arbed Ends of Actin Filaments
A) shows a representative control cell (pRS). (C) shows a represen-
ative pRS-KD cell. White boxes in (A) and (C) indicate regions mag-
ified in (B) and (D). Representative kymographs of pRS (E) and
RS-KD (F) cells treated in the same manner as (A–D) are shown.
G) shows quantification of average pixel intensity of a standard-
zed 2.5 m2 square at the leading edge of the lamellipodia in
lexa-488-actin-labeled images from control (pRS and Scrambled),
RS-KD, and pRS/LZRS-CortFL cells (white boxes in [B] and [D]
how the size of the square used for quantification). Error bars rep-
esent SEM; * indicates p < 0.01, n = 65 cells.
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cells have robust protrusion (Figures 6E and 6F). Cells
were imaged with identical microscope and camera
settings. Quantitation of the average fluorescence inten-
sity at the leading edge indicates that pRS-KD cells have
a 34% decrease in Alexa-actin incorporation at the lead-
ing edge compared with control and pRS-KD/LZRS-FL-
rescued cells (Figure 6G). Thus, cortactin affects the
availability of uncapped barbed ends in lamellipodia.
There is no difference in Arp2/3-complex localization to
lamellipodia, suggesting a change in Arp2/3-complex
function (Figure S3). Although not mutually exclusive,
these data are more consistent with a role for cortactin
in enhancement of Arp2/3-complex activity than in sta-
bilization of preexisting branches.
Cortactin Regulates the Assembly Rate of New
Adhesions in Cellular Protrusions
A potential mechanism by which cortactin might en-
hance lamellipodial persistence and increase cell motil-
ity is by promoting the formation of new cellular adhe-
sions in protrusions. This possibility was tested with
GFP-paxillin to mark nascent adhesions [27, 28]. Con-
trol and pRS-KD cells expressing GFP-paxillin were
plated on glass dishes coated with 1 g/ml fibronectin
and allowed to spread for 30 min before movies were
taken [27, 28] (Figure 7A, Supplemental Movies). Analy-
sis of fluorescence-intensity changes over time re-
vealed that pRS-KD cells have a selective defect in the
assembly rate of new adhesions (Figure 7B, Table 1).
There is no significant change in the adhesion disas-
sembly rate (Figure 7C, Table 1). The assembly defect
in pRS-KD cells is fully rescued by N-terminal cortactin
(Table 1), indicating that interactions with Arp2/3 com-
plex and F-actin are sufficient to promote adhesion as-
sembly. In some experiments, cells were cultured on
plastic overnight (the same conditions as the lamelli-
podial-protrusion assays) and imaged by dual IRM/
GFP-paxillin fluorescence. As with cells plated on fibro-
nectin, pRS-KD cells cultured on plastic have a selec-
tive defect in adhesion assembly (data not shown). The
sites of closest adhesion by IRM colocalized with GFP-
paxillin fluorescence (Figure S4).
Discussion
We show that cortactin affects cell motility, most likely
through enhancement of lamellipodial persistence. This
conclusion is based on analysis of RNAi knockdown
cells by live-cell imaging and biochemical approaches.
Our main finding is that in reconstitution experiments,
both the Arp2/3 and F-actin binding sites are necessary
and sufficient to rescue fully the persistence and motil-
ity phenotype, suggesting that cortactin forms a molec-
ular bridge between Arp2/3 complex and actin fila-
ments. Mutant-localization data indicate that Arp2/3
complex primarily recruits cortactin to the leading edge
of migrating cells. At this site, cortactin preferentially
binds newly polymerized actin filaments, as shown by
cosedimentation studies assessing its affinity for ATP/
ADP-Pi- versus ADP-actin. In situ barbed-end-labeling
studies suggest that cortactin boosts Arp2/3-complex
activity, either directly or indirectly, in lamellipodia. To-gether, these data indicate that cortactin regulates
Arp2/3-complex-mediated actin assembly in lamelli-
podia. An intriguing clue as to how cortactin-enhanced
actin assembly may lead to lamellipodial persistence
and motility is provided by the observation that in
knockdown cells, there is a reduction in the rate of new
adhesion formation in lamellipodia, as measured by
paxillin turnover.
Cortactin Bridges Arp2/3 Complex and Dynamic
Actin in Lamellipodia
Two results strongly suggest that cortactin may act as
a bridge that tightens Arp2/3-complex association with
freshly polymerized actin filaments: First, phenotype
rescue in knockdown cells requires recombinant cor-
tactin fragments that simultaneously bind Arp2/3 com-
plex and actin filaments; second, cortactin has higher
affinity for ATP/ADP-Pi- than ADP-actin filaments. A
bridge mechanism is consistent with previous cosedi-
mentation experiments showing that cortactin strength-
ens association of Arp2/3 complex with actin filaments
[7]. It is not clear, though, whether this cortactin bridge
provides a direct activation boost to the Arp complex
or adds mechanical strength to actin-network branch
points or both. A direct effect on activation is consis-
tent with in vitro data showing that cortactin alone can
activate Arp2/3 complex through the same binding do-
mains required for rescuing knockdown cells [6, 7]. It
also easily explains the cortactin-dependent increase
in free barbed ends we observed in lamellipodia. In this
scenario, the cortactin activation boost would likely oc-
cur after initial activation of Arp2/3 complex by WAVE
proteins because WAVE-2 knockdown cells are unable
to initiate lamellipodial protrusion—i.e., their absence
preempts cortactin action. In this context, we cannot
rule out the possibility that cortactin may augment
WAVE-2 activity.
Mechanical strengthening is supported by in vitro
data showing preformed branch point stabilization by
cortactin [6]. In this respect, it is not known whether
cortactin interacts with the mother or daughter filament
at an actin branch point. However, because it is re-
cruited early by Arp2/3 complex and may contribute
to its activation, it seems more plausible that cortactin
strengthens the association of Arp2/3 complex with an
ADP-Pi-actin patch on the mother filament. Removal of
Pi from aging mother filaments (e.g., by cofilin [20])
could then weaken cortactin-filaments interaction and
release the bridge as the network retracts. It is possible
to envision other mechanistic scenarios; more experi-
ments are needed to clarify these interactions.
Another point that needs clarification is the spatio-
temporal relationship between cortactin and the Arp2/3
complex’s main activators, WASp family proteins. Be-
cause WASps are strictly located on membranes [4,
10], it is possible that cortactin is recruited by Arp2/3
complex immediately after the newly formed actin
branch moves away from the membrane. Alternatively,
cortactin might bind Arp2/3 complex simultaneously
with WASp proteins at the membrane. Biochemical ex-
periments with N-WASp indicate that under some con-
ditions, cortactin and N-WASp can simultaneously bind
Arp2/3 complex [19]. However, it is unknown whether
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(A) Time series of GFP-paxillin-marked adhesion assembly and disassembly of pRS (top) and cortactin knockdown (pRS-KD) cells (bottom).
Time = 0 indicates start of adhesion. Arrows indicate adhesions. The bar represents 10 m.
(B and C) Graph of adhesion assembly (B) and disassembly (C) of pRS (closed squares) and pRS-KD cells (closed triangles). Points represent
average ± SEM of the natural log of the ratio of the integrated fluorescent intensity at each time point to the initial fluorescent intensity.
Measurements were performed on 10 to 15 individual adhesions from 5–7 cells. The slope of the line represents the rate constants of
assembly and disassembly of adhesions.ported association of vinculin with Arp2/3 complex un-sions assembled within 1 m of cell edges and moved
Table 1. Assembly and Disassembly Rate Constants and Half-Lives of GFP-Paxillin Adhesions
Assembly Disassembly
Kassembly (min−1) Half-Life (min) Kdisassembly (min−1) Half-Life (min)
pRS 0.088 ± 0.003 7.88 0.103 ± 0.004 6.71
pRS-KD 0.038 ± 0.002* 18.2* 0.116 ± 0.002 5.95
pRS-KD/LZRS-CortFL 0.092 ± 0.002 7.56 0.103 ± 0.006 6.71
pRS-KD/LZRS-CortNTerm 0.079 ± 0.014 8.66 0.114 ± 0.004 6.08
Scrambled oligo 0.078 ± 0.007 8.84 0.132 ± 0.011 5.24
Rate constants are reported as the slope ± SEM of average data points from 5–7 cells with 10–15 adhesions per cell. Half-life is reported as
Ln2/rate constant. * indicates p < 0.01 compared to pRS and scrambled control.this occurs in vivo or whether WAVE-2, the WASp im- r
nportant for lamellipodial protrusion, functions similarly.
w
oCortactin Promotes the Formation of New Adhesions
in Lamellipodial Protrusions c
eA decreased rate of adhesion assembly, detected by
live-cell imaging of GFP-paxillin turnover, potentially a
fexplains both unstable lamellipodial protrusions and re-
duced random motility. Although the T1/2 for lamelli- l
tpodial persistence is shorter than the T1/2 for adhesion
assembly (2 min versus 8 min), the GFP-paxillin adhe- oearward 1–3 m before disassembly. Thus, sites of
ew adhesion formation may lead to cell translocation,
ith new protrusions forming in front of the previous
nes. The location of dynamic GFP-paxillin adhesions
orresponds well to the lamella (w1–2 m from the cell
dge), a transition zone that is between the lamellipodia
nd the cell body and where cell-substrate adhesions
irst couple to actomyosin contractile forces [29]. Stabi-
ization of Arp2/3 complex in actin networks by cortac-
in may allow direct interaction with and/or recruitment
f critical adhesion proteins. Indeed, DeMali et al. re-
Cortactin Enhances Lamellipodial Persistence
1283der membrane-protrusion regimes [30]. Alternatively,
the rate of adhesion assembly could be secondary to
lamellipodial persistence itself—e.g., lamellipodial in-
stability may generally decrease adhesion assembly
rates. To our knowledge, this is the first description of a
molecular event that affects the assembly rate of GFP-
paxillin-labeled adhesions and should prompt studies
of how lamellipodial protrusion and Arp2/3 activity af-
fect the assembly of new adhesions.
Function of Other Cortactin Binding Partners
In contrast to lamellipodial protrusion and cell motility,
the decreased ability of pRS-KD cells to invade through
Matrigel-coated filters is only partially rescued by the
N-terminal fragment of cortactin. Thus, there appear to
be additional cortactin functions, such as protease
secretion or endocytosis, that are used in invasion and
require binding interactions at its C terminus. Cortactin
binding partners, such as src kinase, N-WASp, or dy-
namin, that are involved in membrane trafficking and in
the formation of invasive structures such as podo-
somes and invadopodia [31, 32] are obvious candi-
dates for these functions.
A recent study reported that overexpression of cor-
tactin promotes cell motility in scratch assays through
N-WASp binding [33]. In our hands, however, the N-WASp
binding domain of cortactin was dispensable in single-
cell-motility, transwell-migration, and lamellipodial-pro-
trusion rescue assays with pRS-KD cells. Furthermore,
inhibition of N-WASp by siRNA or wiskostatin treatment
had no effect on any lamellipodial-protrusion parame-
ters. However, it is possible that when cortactin is over-
expressed, cortactin and N-WASp function together to
regulate other aspects of cell motility, such as cell-cell
adhesion or matrix secretion. This may be relevant in
the context of tumors that express high levels of cor-
tactin as a result of 11q13 amplification [9].
Additional Cortactin Functions
Finally, cortactin-knockdown phenotypes have been re-
ported in other recent studies and include promoting
actin assembly during invasion by Shigella bacteria [34]
and strengthening N-cadherin-mediated cell-cell adhe-
sions [35]. Both of those phenotypes, unlike the pheno-
type reported here, required tyrosine phosphorylation
of cortactin. More relevant to our work, two recent
studies on actin assembly induced by Salmonella and
N-WASp-coated beads, respectively, reported that cort-
actin knockdown results in increased numbers of lamel-
lipodia [36, 37] and defects in the formation of a single
dominant lamellipod [37]. Our finding that cortactin pro-
motes lamellipodial persistence suggests a mechanism
for such defects in morphologic polarization. Future
studies will address cortactin function in complex cellu-
lar processes, such as chemotaxis, that depend on
morphologic polarization.
Conclusions
Cortactin promotes cell motility by selectively promot-
ing lamellipodial persistence and adhesion assembly,
through interactions with the Arp2/3 complex and actin
filaments. Dynamic regulation of actin assembly and la-
mellipodial protrusion by cortactin may be important incomplex motility-dependent processes, such as cancer
metastasis, nerve growth cone pathfinding, and im-
mune-cell chemotaxis.
Experimental Procedures
Antibodies and Reagents
4F11 anti-cortactin antibody was previously described [38]. C90
polyclonal antibody was made in chickens, with N-terminal cortac-
tin as the antigen.
Construction of siRNA and Retroviral-Expression Constructs
Sixty-four base pair oligos containing sense and antisense se-
quences flanking a 6 base hairpin (IDT) were inserted into pRS vec-
tor (a kind gift of Reuven Agami, [11]). Parent cortactin vectors have
been described previously [5]; the inserts were cloned into LZRS-
Neo retroviral-expression vector [12].
Cell-Line Construction and Cell Culture
Human HT1080 cells (ATCC) and Phoenix 293 packaging cells (from
Dr. Gary Nolan, Stanford University) were grown in DMEM + 10%
BGS (Hyclone). Phoenix 293 cell transfection, viral harvest, and
transduction of HT1080 cells were performed as previously de-
scribed [12]. Cells were selected with 4 g/ml puromycin (pRS)
and/or 600 g/ml G418 (LZRS-Neo) for 5 days.
Protein Purification
N-terminal cortactin was purified as GST-Nterm cortactin, and this
was followed by tag cleavage, removal, and further purification as
described [19]. Actin was purified from chicken pectoralis skeletal
muscle [39] and gel filtered [22, 40]. ADP-actin was prepared by
the hexokinase method [22].
Cortactin-Binding Studies
Cortactin binding to ATP- or ADP-actin filaments was determined
with a supernatant depletion assay [19]. ATP-F-actin and ADP-F-
actin was prepared from monomers by polymerization in the pres-
ence of 80 mM KCl, 2 mM MgCl2, 20 mM HEPES, pH 7.4 (polymer-
ization buffer) for 1 hr at room temperature (RT). BeF3-filaments
were polymerized from ATP-actin in the presence of 5 mM NaF and
150 M BeF3 for 4 hr at RT, as previously described [23]. A 100 nM
N-terminal fragment or 70 nM full-length cortactin was incubated
with ATP-, BeF3-, or ADP-actin filaments in polymerization buffer.
After 10 min at RT, cortactin bound to actin filaments was sepa-
rated from free cortactin by ultracentrifugation for 20 min at
175,000 × g. Bound cortactin was calculated from the amount de-
pleted from the supernatants; this amount was determined by
Western-blot analysis [19]. Binding results were plotted as bound
Cortactin versus free F-actin and were fit by the following equation:
[F-actinbound] was assumed to equal [Cortactinbound]. Statistical
analysis was performed with Kaleidograph software.
Transwell-Migration and Invasion Assays
Cell-migration and Matrigel-invasion assays were performed with
8.0 m pore transwell or Biocoat Matrigel-invasion chambers (BD
Transduction Laboratories) according to the manufacturer’s proto-
col. Assays were performed over 18 hr with 10% BGS + 5% Nu-
serum DMEM as an attractant. The number of cells that had mi-
grated/invaded was determined by counting five random areas
over a grid pattern from duplicate chambers in three separate ex-
periments.
Immunofluorescence
We plated 3 × 104 cells/cm2 onto glass coverslips coated with 50
g/ml fibronectin. After 24 hr, the cells were fixed with 3.7% para-
formaldehyde, permeabilized with 0.4% Triton-X-100, and blocked
with 3% BSA. A 3 nM AlexaFluor-594 Phalloidin (Molecular Probes)
was used for F-actin detection. 4F11 antibody (1:500) was used for
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1284cortactin staining. Immunofluorescence was visualized on a Zeiss
Axioplan 2 microscope with 63× Plan-Apochromat, 1.4 NA or 40×
F Fluar, 1.3 NA oil immersion objectives. Images were captured on
a Hamamatsu Orca-ER camera with OpenLab software. Line scans
were performed in Metamorph with a 1-pixel-wide line, and fluores-
cence intensity was measured every 0.2 m.
Live-Cell Imaging
Live-cell imaging was performed on a Zeiss Axiovert 200M micro-
scope at 37°C with 5% CO2, with a Hamamatsu Orca-ER camera
and OpenLab software. For phase-contrast microscopy, 3 × 104
cells/cm2 were plated into 6-well plates and incubated overnight.
Prior to imaging, the medium was replaced with fresh DMEM +
10% BGS. For single-cell velocity studies, images were taken with
a 10×/0.30 plan neofluar ph1 objective lens every 5 min for a total
of 4.5 hr. Images for kymography analysis were taken with a 40×
LD-Achroplan Korr ph2, 0.6 NA objective lens every 6 s for a total
of 20 min. Kymographs were analyzed with Metamorph and Excel
software.
For fluorescence microscopy, cells were transfected with paxil-
lin-GFP and sorted by FACS to obtain cells with low GFP-fusion-
protein expression. Cells were plated onto glass-bottom dishes
coated with 1 g/ml fibronectin and allowed to adhere for 30 min
prior to imaging. Images were acquired with either a Perkin Elmer
Spinning Disk Confocal microscope or a Zeiss LSM510 confocal
microscope with a 100× PlanApo, 1.3 NA objective at 37°C. Cells
were imaged every 30 s for 30–45 min.
Adhesion assembly and disassembly analysis was performed as
previously described [27, 28]. Metamorph was used to measure the
integrated fluorescent intensity from individual adhesions in cells
expressing GFP-paxillin (corrected for background). The rate con-
stants for assembly and disassembly of adhesions were deter-
1mined from the slope of the plot of the natural log of fluorescent
intensity over time. The half-life of adhesion assembly or disassem-
1bly was determined as Ln2/rate constant.
Barbed-End Labeling
1Cells were serum starved for 30 min and then stimulated with 10%
BGS, 5% Nu-Serum for 1 min. The cells were permeabilized with
saponin buffer (20 mM HEPES, 138 mM KCl, 4 mM MgCl2, 3 mM
EGTA, 0.2mg/ml saponin, 1% BSA, 1 mM ATP, 3 M phalloidin) for
11 min, washed once in saponin-free buffer, and labeled for 3 min at
37°C with 0.4 M Alexa-488-actin (Molecular Probes). The cells
were fixed and counterstained with Alexa-594-phalloidin. Quantifi-
cation of the level of barbed-end labeling in the lamellipodia was
1performed by measuring the pixel intensity in a standardized 2.5
m2 (1.25 m × 1.25 m) square at the edge of the lamellipodia in
Alexa-488-actin-labeled images, with Metamorph software.
1
Supplemental Data
Supplemental Data include Supplemental Experimental Pro-
1cedures, four Supplemental Figures, one Supplemental Table, and
eight Supplemental Movies and are available with this article online
at http://www.current-biology.com/cgi/content/full/15/14/1276/DC1/.
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